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Abstract

The dynamics of the electronically excited pyruvdcid (PA) and of its unimolecular
decomposition upon single photon ionization aregtigated by means of a table top fs laser and VUV
synchrotron radiation. The latter is coupled withofm-ion/photo-electron coincidence acquisition
devices that allow the identification of the iopioducts coming from state-to-state fragmentatjponu
ionisation. The fs-based setup provides time-resbinass spectra with 266 nm (= 4.661 eV) excitation
and 800 nm multiphoton probe. For interpretatioe, @arried out theoretical computations using a
composite scheme combining density functional thédi molecular geometry optimisation and post-
Hartree-Fock corrections inclusion. We thereforéedrined the neutral and ionic species formed
during these experiments and the correspondingdat#on channels. Although several PA isomers are
found, we show that solely the most stable isomh&#0(i.e. Tc) is present in the molecular beanoipri
to ionisation. We determined its adiabatic ionmatienergy (AIE = 10.031 + 0.005 eV). The
fragmentation of the Tcion occurs ~0.4 eV above threshold and it is detid by the CC bond
breaking channel forming HOCO fragment in conjunrctivith CHCO* ion. The CQ decarboxylation
of Tc* channels have a minor contribution although thieyn@ore favourable thermodynamically. These
findings are in contrast with the dominance of diegaylation while fragmenting Tc populated in the
Si-Ss states. For explanation, we invoke an indirectess populating first a short lived autoionising
neutral state located in energy at the HOCO @Bt dissociation limit. Later on, fragmentation occurs
followed by autoionisation. On the other hand,fdibased experiment does not reveal any appreciable
dynamics for Tc isomer of PA after a 266 nm exmtatbecause of non-favourable Franck-Condon
factors at this energy. In sum, our work highligtits importance of the couplings between the parent
ion vibrational modes and the dissociative chanmelthe vicinity of the loss ionic fragmentation
thresholds.



l. I ntroduction

Pyruvic acid (CHCO-COOH, PA) is important for life chemistry. Fanstance, it is an
important molecule for metabolism as it is invohiadhe energy production from glucose, where its
anion, formed by sugar glycolysis, is further uséth nicotinamide adenine dinucleotide (NAo
generate Acetyl-CoEnzyme A and NADH through theslo§ CQ. ! Besides, PA is involved in
atmospheric chemistry, where it is identified ag phatmospheric aerosols, rains and in the gas@h
23|It is emitted directly by animals and plants anddoiced by the oxidation of Volatile Organic
Compounds’ It plays a key role as intermediate in keto-aegttions, as product of oxidation of cresols
and of isoprene and of secondary organic aeroS@#\J.23°6It is also formed after reactions between
OH and hydrated methylgloxal and betweera@d methyl vinyl keton€:® Moreover, although PA has
not yet been reported in the interstellar mediumpossible formation in cold molecular clouds and
star-forming regions was recently raised by Kaiged co-workers, who showed that PA can be
efficiently produced through the cosmic rays drivanmrier less reactions between HOCO and@Bi
radicals in ices of acetaldehyde and carbon diowiageing interstellar condition$.It should be noted
that the search of PA in astrophysical media i®ry active field. This is based on the numerous
available accurate data for this species includsgptational and vibrational spectroscopic partemse
where several isomers, conformers and tautomere meestigated. Experimentally, these data are
acquired through the analysis of the correspondirmgowave (iw) and infrared (IR) spectra of these
species either isolated or trapped in cold matri€gs!213.141516.17.18Phage works are complemented
by theoretical computations at density functiordary (DFT) and post Hartree-Fock configuration
interactions levelgtt:19:2021,22.23,24,25.26

The electronic structure of PA is known through #malysis of its UV-VIS spectrum and
theoretical computationd’?82°30These works located the adiabatic energy for $8; Fransition at
3.31 eV and the vertical excitation energies of &, and the §S; transitions at 5.60 eV and 7.00
eV, respectively. Also, previous studies showed #tectronically excited PA undergoes a complex
chemistry. Indeed, the photochemistry of isolatad ghase PA or in atmospheric conditions, has a
peculiar reaction dynamics dominated by photo-disdimn forming CQ and other fragments.
24.27,29,31,32,33,34.35,36,37.38§ the troposphere, solar radiation photolysiBAfis, for instance, the dominant
destruction process of this acid rather than #stiens with free radicals such as GtHExperimentally,
the photochemistry of PA has been studied eithghmton excitation &~320-380 nm (= 3.26 - 3.87
eV) or atA~193 nm (= 6.42 eV). Ak~320-380 nm, the photon absorption populates predontly the
S, state, which evolves mainly by the ejection of &®.Cmolecule and the formation of
methylhydroxycarbene radical, which isomerizes iee gacetaldehyde?*27:3035 Therefore, it was
suggested that the primary process in the photolgs concerted hydrogen transfer and carbon-narbo
bond cleavage to produce €énd the methylhydroxycarbene radical, with theefathen rearranging
to give CHCHO. This is confirmed theoretically***3" For instance, Chang et &t.investigated the

mechanistic photodecarboxylation of PA in theTs, and $ states. Through the analysis of the potential
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energy surfaces of these electronic states gedeatitbe complete active space self-consistent éintl
its multi-state second order perturbation methdusse authors showed that the triplet state igddca
slightly below S at the equilibrium geometry ob &nd that this molecular system is characterized by
three-state intersection, where @Sg conical intersection and a/$; and %/T: intersystem crossings
are located at the same nuclear configuration. Hagential energy region is crucial for the
photodecarboxylation and it is reached after taetism on the Sstate, where the hydrogen transfer
occurs at least partially by tunnelling, in competi with the $ T spin-orbit conversion at their
crossing. Moreover, it was shown that a comparbloleish type | reaction takes place in thestate,
which forms the ground-state products of:CB® and HOCO. This channel is minor and accounts for
3% branching ratio (BR). Besides, experimental #mebretical PA conformer-specific photolysis
results revealed that PA most stable conformer dates the gas-phase PA photoly$isAt shorter
wavelengthsX~193 nm), the Sstate is populated and the dissociation on tlestednic state is fast.
The subsequent fragmentation leads te,@D, H, OH, HCO, HOCO, CI€0O, CHCO, and CHin
addition to minor products such as acetaldehydevanytl alcohol photoproducts and HCO,G0D, and
CH, products arising from their unimolecular dissdoiat 442 At this excitation energy, the
decarboxylation terminating in GG other primary products remains a dominant chiamvieereas its
BR is reduced te-50% while the Norrish type | dissociation BR isre&sed te-30% and the O-H and
C-H bond breaking reactions generating the H atorounts for~10%.4? The OH formation involves
internal conversion and intersystem crossing frioeninitially populated Sstate to T state followed by
the dissociation from 1 This is supported by ab initio calculations on &&ited electronic states as
carried out at the configuration interaction withgte electronic excitation level in conjunctiontiwvthe
6-311G(d,p) basis set Nevertheless, the other photoproducts are fouruk ttormed by rapid three-
body fragmentation processes.

Although the neutral PA molecule was largely trdatethe literature, this is not the case for its
cation despite its likely relevance in an astroptatcontext, where cosmic radiations lead to iatiis
and ionisation induced fragmentations that reddlcegossibilities for space regions where the a¢utr
molecules can be formed and detected. Back in M4Z6Jynn and Meek® recorded the photoelectron
spectrum (PES) of PA. They determined the adiabatication energy (AIE) of PA as 10.1 £+ 0.1 eV
as the transition populating the €ationic state from the neutral. The vertical ation energies (VIES)
of Do, D1, D2, Ds, Ds, Ds, Ds and D cationic states are located at 10.42, 12.31, 12329, 15.16,
15.64, 16.63 and 17.59, all values in eV. Basedami-empirical Complete Neglect of Differential
Overlap (CNDO) computations, they tentatively ased)the population of the corresponding PES
bands to the ejection of an electron from tham n, 1. andr. outermost molecular orbitals (MOs). In
1976, Lossing and Traegérshowed that PA cation decomposes to give an foignent with m/z 44
where an appearance energy (AE) > 10.4 eV was mexhsging energy-selected electrons. Instead, an
AE of 10.7 + 0.2 eV was determined by Terlouw et*aln fair agreement with previous value. In 1991,
Holmes et al*® determined an AE of 10.28 eV for the PACHO,* +C;H30 fragmentation. Besides, it
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is worth citing the recent work by Grygoryeva et*alvho studied isolated (PAglusters and clusters
deposited on large water clusters (ice nanopas)icl®Al(H-O)n, where they followed their
photochemistry after either 70 eV electron impantzation or 193 nm UV photoionization and showed

that they exhibit a different chemistry when congghbio isolated gas phase PA cations.
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Figure 1: left: Scheme of the experimental setup at Syncbmo8OLEIL, on beamline DESIRS,
mounted with the?’PEPICO spectrometer DELICIOUS3; (Right) Schemehef TR-MS experimental

setup located at Université Paris-Saclay/ ISMO.

Here, we present an experimental investigation haf tlynamics of the photo-induced
decarboxylation of neutral PA at short timescaled BA unimolecular fragmentation dynamics upon
photoionization, with a special focus on the &Mission channels. These experiments are performed
using the VUV DESIRS beamline at the synchrotrol.BID “ and using a table top fs laser coupled
with a NOPA (Figure 1). Time resolved relaxatiomdgnics of the first excited state will be showneTh
identification of the products is done using Vetpdlap Imaging (VMI) based coincidence detectors.
For the PA cation, we aim at identifying all thagmentation channels appearing from the AIE (= 10.1
+ 0.1 eV) up to 12.5 eV with respect to the neugraund state. lon recoil energies analyses allavged
to discriminate fragmentation pathways and disagieathe contribution of PA monomers from those
issued from PA clusters decomposition. These exparial studies are complemented by advanced
theoretical computations on the electronic strictfrthe monomer, either neutral or ionized anthen
ionic fragmentation channels. For instance, we redppe corresponding multidimensional potential
energy surfaces in the Franck-Condon region acddssm PA ground state, close to the dissociation
asymptotes and along the intramolecular isomearaind fragmentation pathways. Thus, we identify

the main reaction pathways mandatory for the intul@gerpretation of the experimental defe®51:52

I. M ethodologies
a. VUV single photon ionisation
The VUV single photon ionisation of PA was perfodrad the DESIRS beamline of the French
synchrotron SOLEIL>® Briefly, the light is produced by an electromagnendulator and the high
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harmonics removed via a gas filter filled with Aafbre being dispersed by a monochromator equipped
with a 200 grooves/mm normal incidence grating,olvtwas set to deliver a photon energy resolution

of 0.72 A. The energy scale was absolutely cakdatab a precision of 2 meV using the 5s and 5s’ Ar

absorption lines from the gas filter.

PA was purchased from Sigma-Aldrich with a purit98%. No further purification was done.
This sample was placed into an in-vacuum oven &t kt room temperature (body/nozzle). A
molecular jet-cooled PA is prepared using the Ppoua after expansion through a 100 pm pinhole
using 0.5 bars of He as carrier gas and going tirdwo consecutive skimmers (1 mm and 2 mm
diameter) before being ionized by the VUV light.eTemitted photoelectrons and photoions were
recorded using the double imaging photoelectrortgibn coincidence fPEPICO) DELICIOUS3
spectrometers* which is composed of a VMI electron analyzeand a photoion momentum imager
operated in coincidence, so that the photoele@tnages can be tagged by the ion mass and tramshtio
energy (see Figure 1-left). The latter allows thyeasation of direct and dissociative ionizationogsses
for a given mass (critical to avoid cluster fragtagion), and a much better estimation of the apgrear
energy and barrier height of a given fragmentatibannel. At each photon energy, the ion kinetic
energy release distribution (KERD) is measured kaneously.

lonization processes at play are also monitoreapmpying the slow photoelectron spectroscopy
(SPES) approact? that allows to elucidate the ionization dynami€suatoionizing states’ Shortly,
for each mass of interest, the corresponding VMttedbn images are inverted by mean of the pPBASEX
method®® with its improved version for low signal® The method furnishes both the photoelectron
energy distribution that generates the collectezbien and anisotropy distribution provided thanglsi
photon ionization by a linear polarized light, etplane of the detector, is in action.

The SPES approach consists in projecting the enefgy band to its expected apparition
threshold, and averaging the result of each priojaivhen tuning the photon energy. The main
parameter for an SPES spectrum is the maximumi&ieetergy of photoelectrons considered for the
projection. In the following, we will focus on SPH#&ited to 50 meV or 800 meV kinetic energy
photoelectrons. Hereafter, the resulting spectthbei called "P0" when applied to the total energy
distribution. Besides and since non-zero energytqeiectrons are considered, it is also possible to
provide information in the anisotropy of this emaggband, averaged on the energy range selected for
the SPES spectrum. The previous procedure is a@pfdi¢che anisotropy distribution matrix, which is
the product of "P0" bf3, (known as the anisotropy parameter). In the fathawthe resulting spectrum
is denoted "P2".

b. fs-spectroscopy
The femtosecond relaxation dynamics of PA at 266(am.661 eV) was investigated using
time resolved mass spectrometry (TR-MS) experinimefly, a Coherent Legend Elite laser providing

35 fs, 800 nm, 3 kHz pulses with a maximum eneffgy®mJ per pulse is used for the pump and probe
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scheme. For the current experiment, a total ofil%er pulse is used, with 1 mJ being used asibe 8
nm (=1.5498 eV) probe pulse. The remaining 1.5aidkequency doubled and mixed to provide 160 pJ
at 266 nm used as the pump pulse for the excitafi®®. The relative delay between the pump and the
probe pulses is controlled by a delay-line.

The experimental molecular beam and Time-Of-Flii®F) ion spectrometer setup were
described previously? Here, the source was adapted to 3 kHz repetiéitmnlaser by using a continuous
supersonic expansion with a 100 pm nozzle. ThedPdpte was introduced in a flask in which 1 bar of
helium was bubbling before the expansion. The lageraction region is separated from the source by
a 1 mm skimmer (see Figure 1-right). Only TR-MSreported here because of the presence of a
significant amount of multimers in the moleculaabethat prevents the measurement of photoelectron
spectra without coincidence, as done with the sytabn experiment.

The UV pump and IR probe pulses are both focusedfire interaction region of the TOF mass
spectrometer where they excite and ionize a makedutam of PA, their intensity being tuned by
moving the lens toward the propagation axis. Thétiplwoton 800 nm probe ionizes the excited PA
molecules in a [1 +4’'] scheme. Afterwards, the emitted ions are exéhdn the TOF mass
spectrometer, whose resolution is 465 at m/z 8&. dipnal issued from the anode placed behind the
microchannel plates is collected with an oscillggcand averaged for 5000 laser shots at each time
delay. The experiments are reproduced at leagiesti All data presented are corrected for the dum o

the pump-alone and probe-alone signal.

c. Theoretical computations

We started our computations by determining theldguim structures of neutral and ionic PA
isomers and the fragments of Pésing the density functional PBEbBas implemented in GAUSSIAN
16, 52 where the atoms are described using the aug-cZpésis set®®>54 These complete geometric
optimizations were carried out in the point group The minimal character of these stationary points
is checked after calculations of harmonic frequesi¢all frequencies are positive).

For more accurate energetics, we adopted a PBEG&pYDZ (opt)//(R)CCSD(T)-F12(b)/cc-
pVTZ-F12 ({ACV+ASR+AZPVE) composite schem®These computations consist of a series of single
point computations on the PBEO/aug-cc-pVDZ optimizstructures using post Hartree-Fock
methodologies as implemented in MOLPRO 2(%8Ve also consider th&CV (i.e. the core-valence),
the ASR (i.e. the scalar relativistic) and théPVE (i.e. the zero-point vibrational energy) caotrens.
For instance, we carried out single point calcal&iusing the coupled cluster explicitly correlategith
single, double and perturbative treatment of trgseitations ((R)CCSD(T)-F12) (approximation b),
66.67.686%yhere the atoms are described with the cc-pVTZibdsds set together with the corresponding
resolutions of the identity and density fittingsiftions.”*"*ACV is evaluated as the difference between

(R)CCSD(T)/cc-pwCVTZ?3energies with and without considering core electmrrelation. ThASR



scalar relativistic correction is deduced as tliiedince between (R)CCSD(T)/cc-pVTZ-DK™ "®and
(R)YCCSD(T)/cc-pVTZ energieddZPVE is obtained at the PBEO/aug-cc-pVDZ levelaliseries of
previous benchmarks and comparisons with experaheasults, we have shown that the presently
adopted composite scheme allows the accurate tlerivaf adiabatic ionization energies and of
appearance energies of small and medium-sized matezystems (within + 0.005 e\:51:52

In addition to the electronic ground states ingggtons, we carried out electronic calculations
of the electronic excited states in thep@int group. We considered the lowest doubleestaf the
cation of the most stable form of PA. These caltahs are done at the equilibrium geometry of the
corresponding neutral species using the state-gedr&@omplete Active Space Self Consistent Field
(SA-CASSCF) approach®followed by the explicitly correlated, internatigntracted Multi Reference
Configuration Interaction (MRCI-F12) techniqué®®8! as implemented in MOLPRO 2015. At
CASSCEF, the active space was constructed by comgidthe 16 &- 22 &, 2d’ and 74 MOs as active.
The core orbitals and first valence orbitals (ui%a and 14) were kept as closed orbitals. At MRCI-
F12, all configurations with coefficients greateam 0.05 in the Cl expansion of the CASSCF wave
functions were used as a reference. ResyBimetry, four doublet states were requested. Atbave
been described using the aug-cc-pVDZ basis setattaracy of the relative energies of the electroni

states computed at this level of theory should.b6 V.4

1. Results and discussion
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Figure 2: Stable forms of pyruvic acid and of its cation riduin the present work. We give their
denomination used and their relative energiesn(EV), as computed at the PBEO/aug-cc-pVDZ (opt)
/I (R)CCSD(T)-F12 /cc-pVTZ-F12 ACV+ASRHAZPVE (SP) level, with respect to the Tc conformer
for neutrals and with respect to the*Tisomer for cations. Cf. Tables S1-S3 of the supplatary
material for more details. For Tc and*Twe give the numbering of the atoms as used irptesent

study.

PA neutral species were investigated previousimgiedFT approaches or by CCSD(T) or
CCSD(T)-F12 technigues in conjunction with largesibasets, some of them extrapolated to the
complete basis set limit (CBS) targeting the deteation of accurate rotational and vibrational dafta
PA conformers and tautomers to help their ideratfan in atmospheric and astrophysical media.
16,19,.20,21,22,23.24.25.26 3¢ hese works characterised 4 keto-acid forms (éeh®t, Tt, Ct, Cc) and 4 enol-
acid tautomers (denoted enolPACc, enolPATc, enotPAdolPACt). Here, we carried out PBEO/aug-
cc-pVDZ optimisations which confirm the minimal wtture of these isomers. They are displayed in
Figure 2. Afterwards, we carried out CCSD(T)-F1@-p/TZ-F12 ‘ACV+ASRAZPVE (SP)) single
point computations at the corresponding PBEO/augMidZ optimised structure to deduce accurately
the relative energies of these isomers. As prelyastablished, Tc is the most stable form followed
in energy by Tt and then Ct at 0.110 eV and 0. M,8espectively. The other forms are lying > 0.2 eV



with respect to Tc. These relative energies andrard are consistent with those previously computed
In particular, they differ by less than 0.002 ewnfr the relative energies computed by Barone ét al.
for the keto-acid species using the B2PLYP/aug¥t4//CCSD(T)/CBS+CV composite scheme.

Using the neutral minimal structures as a stargomt, we searched for PA cationic stable
isomers. Upon full optimisations, we found onlyt&de forms in the ground potential energy surface
of PA". They are displayed in Figure 2, where they ar®tig as TG Tt", enolPAC¢, enolPATC and
enolPACt. The two former ones are keto-acid compounds amid Tc and Tt neutrals and the three
others are singly charged ions of enolPACc, enol®&Td enolPACt. At the PBEO/aug-cc-pVDZ (opt)
/I RCCSD(T)-F12 /cc-pVTZ-F12 ACV+ASR+AZPVE (SP) level, the most stable cationic form is
enolPAC¢, followed in energy by enolPATCTt, Tc" and enolPACtat 0.092, 0.324, 0.348 and 0.371
eV respectively.

Barone et al?* computed the following potential barriers: ¢ Tt : 0.602 eV and T Ct :
0.224 eV. For the methyl internal rotation, potahbarriers of 0.042 eV, 0.049 eV, 0.067 eV an@®6.1
eV were determined for Tc, Tt, Ct and Cc, respetyiV>?2 These barriers are relatively high to allow
these conversions given the actual experimentalitons. Indeed, at present, gas phase PA molecules
are seeded in a cooled molecular beam, with traosid temperatures of T ~ 110 K as extracted from
the KERD of the parent molecule (see Figure Silhefdupplementary material), although internal
energies are measured higher (see further dovasg tb 280K due to the imperfect cooling of vilwag
in the molecular beam. Nevertheless, we expectitiminant formation of the Tc isomer in the gas
phase prior to interaction with light either in tsiagle photon VUV ionisation or in the fs pump-peo
experiments, excluding thus the contribution ofldss stable isomers and tautomers of Tc in theepie

experiments. From now on, we will only consider ¢oatribution from Tc most stable species.

NR

(4a") (182)
(19a") (5a™)

Figure 3: Outermost molecular orbitals of the Tc conformePA as computed at the CASSCF/aug-
cc-pVDZ level.
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Table 1: Vertical ionisation energies (VIE in eV) and downin electronic configurations of the lowest-
lying electronic states of Tccation at the Tc ground state equilibrium geometityese energies are

given with respect to Tc ') energy at equilibrium.

State Electronic configuration VIE

This work?® | Ref. 4P
Do/ X?A’ | (0.89) (44)2(184)%(194)* 10.628 10.42
D1/ 12A" | (0.94) (4&)%(184)%(19d) (5a)! | 12.626 12.31
Do/ 22A’ | (0.86) (44)2(184)%(194)? 12.725 12.42
Ds/ 22A" | (0.91) (44)1(184)%(194)? 14.103 13.79

a) CASSCF/MRCI-F12/aug-cc-pVDZ calculations.
b) PES spectrum.

In the 9-12.5 eV energy range, the PES spectruonposed of 2 large banddMcGlynn and
Meeks tentatively assigned the first band to theé P& < PA + hy photoionisation transition, where
both species are in their electronic ground stdtesiew of our calculations, we exclusively iddnti
the contribution of the Tc isomer to the PES of Me® and Meeks in spite that it was measured using
an effusive jet at room temperature. Table 1 shinasthe ground state of Tts obtained by removal
of an electron from the HOMO, which correspondshi® 194 oxygen lone pair of the ketone (Figure
3) as noticed by McGlynn and Meeks. Moreover, thaghors assigned the second PES band to the
population of the Band D states, whose vertical ionisation energies aneptbed at 12.626 eV and
12.725 eV (Table 1) at the CASSCF/MRCI-F12/aug-e¢®4g level, confirming thus such assignment.
Nevertheless, our CASSCF/MRCI-F12 computations sthathe electronic structure of 1°A”) and
D2 (22A") cannot be accounted by simple considerations@mped by McGlynn and Meeks based on
CNDQO. Indeed, inspection of the electronic confajiams of these two cationic states reveals that th
wavefunctions are dominantly described by the”)#a84)(194) (5a’)! and (44)%(184)(194)2
configurations in the Franck-Condon region accedsmah Tc (X!A’). Accordingly, the D state is
obtained by the ejection of an electron from the’ MO with simultaneous electron promotion from
the 194 MO into the vacant 3aMO. Since both states are close in energy, them fa conical
intersection at which they interact vibronicalhyhi3 results in the congestion of the spectrum cbersi
with a large band as observed experimentally ang complicate the dynamics of Tons at these

energies.
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Figure4: PO (upper trace) and P2 (lower trace) spectraa@fRing into account all photoelectrons with
kinetic energies between 0 and 800 meV. The bladkoal combs correspond to the adiabatic ionizatio
energies of PA species as computed at the PBE@&apY-DZ (opt) // (R)YCCSD(T)-F12 /cc-pVTZ-F12

+ ACV+ASR+AZPVE (SP) level (Table 2]1), (1) and (I11) correspond to the three spectral regions

discussed in the text.

Table 2: Adiabatic ionization energies (AIE in eV) of pyrowacid speciesAZPE (in eV) is evaluated
at the PBEO/aug-cc-pVDZ level using the correspogdinharmonic frequenciesCV andASR are for

I
9.5 10.0

11.0 11.5 12.0

hv/eV

T
10.5

core valence and scalar relativistic effects. S#ad'S1-S3 for more details.

Method Tc Tt enolPACc | enolPATc | enolPACt
PBEO/aug-cc-pVDZ (opt) //| 10.103 9.967 9.437 9.412 9.585
(R)CCSD(T)-F12/

cCc-pVTZ-F12)

ACV -0.0035 -0.0095 -0.0142 -0.0136 -0.0147
ASR 0.0004 0.000 -0.001 -0.001 -0.001
AZPVE -0.0729 -0.0635 -0.0324 -0.0234 -0.0300
PBEOQ / aug-cc-pVDZ (opt) #/ 10.027 9.894 9.389 9.374 9.539
(R)CCSD(T)-F12/
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cc-pVTZ-F12+

ACV+ ASR+AZPVE (SP)
Exp. 10.031 + 0.008
10.1 £0.1?

a) This work.
b) Ref. 43.

Figure 4 shows the PO and P2 SPES spectra of RAfursction of the photon energy. These
spectra were obtained by considering the photaelesthaving a kinetic energy between 0 and 800
meV in coincidence with the m/z 88, 44 and 43 npasaks. On top of the PES spectrum, we reported
the AIEs of PA species given in Table 2 as compatedvery high theoretical level (i.e. the PBE@fau
cc-pvVDZ (opt) // (R)YCCSD(T)-F12 /cc-pVTZ-F12 ACV+ASR+AZPVE (SP) level). For instance,
Table 2 shows that the computed AlEs for Tc, TolRACc, enolPATc and enolPACt are 10.027 eV,
9.894 eV, 9.389 eV, 9.374 eV and 9.539 eV, respelgti Nevertheless, these spectra reveal that no
signal can be recorded fov k 10 eV, where one may expect the population @fgttound states of Tt
enolPACC¢, enolPATC¢, enolPACt upon ionisation of the corresponding neutraledntrast, the SPES
spectrum exhibits a large band starting\at-hL0 eV which is very close to the AIE computedTo.
Therefore, this further confirms the unique conttibn of Tc in the present experiments.

In Figure 4, we identify three regions: Regibhextends from ~10 to ~11 eV corresponding to
the population of the ground state)of Tc'; Region(ll) is the Franck-Condon gap between theaibd
D, states; and Regiqill) for the D & D, Tc* states formation. When comparing the signals ahea
region in the PO and P2 spectra, we noticed tHetysBegion(l) band is present in the P2 spectrum,
while the two others vanish. This points out anlaton of the ionization process between Redign
and(l1). As Region (Il) stands out of the Franck-Condagiar, we consider this statement as a probe
of autoionization processes dominating in Redidh The same observation can be done in Region
(111), although we cannot exclude the contribution oédti processes. For Regifli), direct processes

are also dominating at threshold, but we cannduegcautoionization processes.
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Figure 5: Integrated mass spectrum over the scan energye rghg — 12.5 eV). The red part is
magnified by 100. The peak at m/z 88 is the monopaeent. The peaks above this mass are due to

ionised PA clusters or their fragments.

Figure 5 shows the TOF spectrum which presentsdwminant peaks at m/z 88 and m/z 43
corresponding to Tgparent and to its fragment. For m/z < 88, we olsénvo additional peaks at m/z
87 and 44. The analysis of the KERD reveals thatntifz 87 signal is due to dissociative ionization.
Furthermore, the center of mass KER of m/z 87 isompatible with a parent at m/z 88, so that isimu
come from fragmentation of a larger mass, sucthe@$*? dimer (cf. Figure S1 of the supplementary
material). However, m/z 44 is coming from Tc digatige photoionisation. Figure 4 shows that thé Tc
monomer (m/z 88) is stable for energies < 10.4F.hv > 10.4 eV, it decomposes mainly to give a
fragment of m/z 43 with contributions from m/z 44¢rel. Although the decomposition of PA cations
producing ionic fragment with m/z 44 was noticedtie early works by Lossing and Traetfeand by
Terlouw et al*5, the m/z 43 fragment is reported here for the firse, even though it dominates the

mass spectrum above#i0.4 eV. Interestingly, both ionic fragments appsa- 10.4 eV.
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Table 3: Appearance energies (AE in eV) of*Ticagments as computed at the PBEO/aug-cc-pVDZ
(opt) // (R)CCSD(T)-F12 /cc-pVTZ-F12MCV+ASRAAZPVE (SP) level of theory. These energies are
given with respect to Tc ground state energy. SeE#eb S4-S17 for more details and Figure 6 for the

fragment structures.

m/z Fragments AE
87 CH-CO-COH"+H | 12.484
87 | CH-CO-CQH-2* + H | 12.490
87 | CH-COH-CO*+H | 13.107
87 | CH-COH-CQH"+H | 14.153
87 CH-CO-CO"+H 15.420
73 CH + COCOOH 11.813
72 CH-CO-CHO + O | 14.834
72 | CH-CO-COH +0O | 15.986
72 CH-C-COH"+ O 15.995
71 CH-CO-CO + OH | 11.249
46 HC.0 + HCO,* 12.395
45 CHCO + HOCO 11.550
45 CHCOH + HOCO | 11.838
45 | CHC-OH + HOCO | 12.870
44 | CH-CH-OH" + CQ, | 9.450
44 CH-CH-O" + CO 9.962
44 | CH-C-O-H"'+CQ, | 10.234
44 CH-OCH," + CO, | 11.466
44 | CH-CH-OH'+CQ, | 11.506
44 CH-CH-O + CQ* | 13.506
44 | CH-CH-OH + CQ*' | 13.963
44 HCO + CQ* +H, | 14.663
44 CH-OCH + CO" | 14.701
44 | CH:-C-O-H+CQ*" | 15.802
44 | CH-CH-OH + CQ* | 17.540
43 CHCO" + HOCO 10.411
43 GHs0* + HOCO 12.809
43 | CHC-OH + HOCO | 17.540
42 HC.O*+CO:+H, | 10.431
42 HC0" + H,CO, 10.660
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17 CH-CO-CO+0OH | 17.625
16 CH-CO-CHO + O | 18.752
16 CH-CO-COH+ O | 20.885
16 CH-C-COH + O | 21.342
15 CH"+ COCOOH 14.701
H.C.O + COQ + H* | 16.285
CH-CO-CQH + H" | 17.677
CH-CO-CQH-2 + H" | 17.787
CH-CO-CQH-1 + H" | 17.854
CH-COH-CO + H" | 18.847
CH-COH-CQH + H" | 18.847
CH:-CO-CO + H* | 19.747

[ S N N = =Y N

The precise appearance energy of the fragmentsdemsextracted from the breakdown diagram
displayed in Figure S2 of the supplementary mdtefiae branching ratios of m/z 88 and 43 as a
function of the internal energy, i.e. the photorergly when only threshold electrons are taken into
account, can be modelled using a statistical agprtzat takes the initial thermal energy into actpu
while we assume that the dissociation reactiomss Within the experimental window of a few psec.
The internal energy distribution used by the maslebnstructed with the density of states obtained
direct counting from the calculated vibrationalquencies at the PBEO/aug-cc-pVDZ level. The
resulting fit yields the overall vibrational tempéure, at Ti, = 270+ 20 K, and the appearance energy
at OK, Akx = 10.458+ 0.005 eV.

For identification of these fragments we performaegbarch of all possible ionic fragments and
their neutral counterparts at the PBEO/aug-cc-pMBI. The optimized molecular structures are
displayed in Figure 6. They correspond to stabtenfoand they are taken in their ground electronic
states. Note that for some species, several isdtiagiamers were identified. Afterwards, we carioed
single point computations at the optimized georastto deduce the appearance energies of these
fragments at the PBEO/aug-cc-pVDZ (optg) // (R)CCBEF12 /cc-pVTZ-F12 ACV+ASRAZPVE
(SP) level. The corresponding data are listed inld'8, where these energies are given with regpect
vibrationless Tc ground state energy.

For energies < 12.5 eV with respect to TéAX, we locate at least 15 dissociation channels.
They can be gathered in 8 groups correspondingddasses of H, Ci1 OH, HC,0O, CHO, CQ,
HOCO, and H+CGO,/H.CO; in conjunction with ionic fragments with m/z 83,771, 46, 45, 44, 43, 42.
Figure 4 shows that the most favourable dissociador m/z 43. Computations reveal that this peak
may be attributed to the formation of HOCO +4CI@* fragments that may be obtained via C2-C3 bond

breaking (Figure 1). Indeed, we compute an AE o410 eV for this channel, in very good agreement
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with the measured Ak = 10.458t 0.005 eV. In addition, a small contribution, arddm = 10.4 eV, is
found for m/z 44. It is an ionic fragment assodlateith the decarboxylation upon dissociative
photoionisation of Tc. The formation of G@& a minor channel here contrary to the electalyic
excited neutral Tc decomposition as detailed in Ititeoduction. For the ionic structures, several
possibilities are found, namely, Gl&H-OH*, CH;-CH-O", CH;-C-O-H* for which we compute AE of
9.450 eV, 9.962 eV and 10.234 eV, respectively,intathe CH-C-O-H" ion the most likely structure
in view of the experimental AE measured at 10458005 eV. It is worth noting that many calculated
channels are not seen experimentally, such as T{lp$s of H, AE ~12.5), m/z 44 and those of m/z 73
(loss of CH, AE = 11.813 eV), m/z 71 (loss of OH, AE = 11.2\9), m/z 46 (loss of kC,0, AE =
12.395 eV), m /z = 45 (loss of GHO/CH.COH, AE = 11.550 eV) and m/z 42 (loss ofGD,/ CO; +

H,, AE = 10.660/10.431 eV). In particular, we note thon-formation of the HOCOcation by
dissociative photoionization of Tc. The preferdrdiad dominant formation of the m/z 43 fragment may
explain the close to zero BRs for the other channehich most likely are associated with large

dissociation barriers or not favoured by the Tsalisative photoionization mechanism in action (vide

infra).
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Figure 7: PO (upper trace) and P2 (lower trace) spectrafofaRing into account all photoelectrons

with kinetic energies between 0 and 50 meV. Thems®lid lines in the upper trace correspond to the
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first (AS1) and secondAS 1) autoionizing states discussed in the tét.(11) and(I11) are the three

spectral regions discussed in the text.

For better experimental spectral resolution, wag@nein Figure 7 the SPES spectra as obtained
after considering all photoelectrons having kinetiergy smaller than 50 meV. These spectra exhibit
some differences with those displayed in Figuré&ldo, a noticeable difference can be seen while
comparing the PO and P2 spectra in Figure 7. stamte, the P2 spectrum consists of 2 bands iroRegi
(I) and almost zero signal in Regifih) and RegiorflI1) whereas non-zero signals are recorded in these
regions in spectrum PO. Again, this signature cdatoionisation process in action while photoiargsi
Tc. Indeed, we highlight in Figure 7 the presenidsvo large bands, denoted &S| andASII at 10.48
eV and 11.60 eV, respectively. These states avevadible in the total ion yields (cf. Figure S3tbe
supplementary material). We consider that thesdsaorrespond to two short-lived autoionising state
that contribute to the SPES signal. In Redidnwe first populate a highly excited neutral st@te*)
at 10.48 eV, that later ejects an electron. Thersgstep is coupled with fragmentation, where weaeha
Tc* - Tc" + e for energies < Ak and Tc*-> HOCO + CHCO' + € for energies > Ak. In the
Franck-Condon gap (Regidh)), the short-lived electronically excited statedl &t60 eV is involved. It
leads exclusively to HOCO + GHO™ + e. In Region(lll), the D and D states of Ttare formed,
which dissociate to give m/z 43 and m/z 44 ioniagfments mainly via indirect dissociative
photoionisation. For m/z 44 formation (i.e. decardation upon ionisation), Figure 7 shows that,CO
is ejected for energies close to &End in Regiorn(lll) range. Nevertheless, the comparison of the
corresponding PO and P2 spectra reveals thatghalsat ~ Ak is present in both spectra, whereas it
vanishes in P2 one in Regi@nl). Therefore, the direct and the indirect mechaniamasin action for
hv ~ AEg. In Region(l11), both D & D states are close in energy, they are coupledwitatly, leading
to the congestion of the bands via vibronic cowdinSuch couplings may also participate during the
fragmentation, complicating even more the dynarmfasectronically excited neutral Tc and*Tionic
states at these energies. Simulations of such ggesare challenging and out of the scope of trsept

investigations.
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Figure 8: PO (upper trace) and P2 (lower trace) spectradahRhe photon energy covered by Region
(. We took into account all photoelectrons with kinenergies between 0 and 50 meV. We give also
the Franck-Condon simulated spectrum for thgDg) + € € Tc (X'A’) + hv photoionisation transition,
where the first band is positioned in energy aktkgerimental AIE. We adopted a resolution of FWHM
of 50 cm* (=0.0062 eV) for the simulated spectrum. * coroeg|s to the enhanced autoionization peaks

(see text for more details).

Table 4: Anharmonic frequencies (in cthof Tc¢" (Do) as computed at the PBEO/aug-cc-pVDZ level of
theory. We give also their symmetry, tentative gasient and atomic displacementsstretching;,

bendingyy, rocking;z, torsion. s: symmetric; and as: asymmetric.

Mode|Sym.| Freq.| Assign. Displ. ModeSym.| Freq.| Assign. Displ.
\\\J ' JO
vi* | a |3457.6 v(OH) © P | v | & |4814[3(C2=C3)| ,° %
> ® | 9
o e o’
v2' | & |3043.8v(CHs) as| __ | ; % | vt | @ | 360.3| §(CCC) N 9‘_-;-;:‘0-
o’ @ -
vs' | @ |2927.3 v(CHy)s| ,.> % | vis | & | 276.0|v(C2-C3)| @&
‘9 —J—Q ( B
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e o o e
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o To )
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2 o ‘o
® o @9
vt | @ [1296.1 3(CHy)s| , 9@ | vie' | a | 980.1| y(C3=0)| ;4 @
}@ ® ‘3
._/’Q’ ] ')‘j.
vgt | @ |1248.0 3(COH) 20 | vy | & | 6479) y(CHy) | 2%
}Q )»lg
J// 9 j.
vet | @ (11948 vC-O) | @ ® | vt | a | 522.8| 1(OH) >
@ ‘. }Q' ]
J-Q p
o ‘o e o
vig' | @ |1009.1v(C-C)ag | ;‘. Vi | @ | 373.8| y(C2=0)| ; <
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Table 5: PBEO/aug-cc-pVDZ structural parameters (distaitds angles in degree) of Tc and*Tin

their electronic ground states. See Figure 1 ohtimabering of the atoms.

Parameter Tc Tc
C2=01 1.215 1.173
C2-C3 1.543 1.784
C2-C4 1.488 1.474
C3=05 1.203 1.181
C3-06 1.329 1.281
O6-H7 0.977 | 0.977
C4-H8 1.093 | 1.095
C4-H9 1.099 | 1.101
C4-H10 1.099 1.101
C3-C2=01 117.19| 109.99
C4-C2=01 125.46| 136.27
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05=C3-C2 123.11] 113.74

06-C3=05 124.54| 132.93
H7-06-C3 105.84| 112.8]
H8-C4-C2 110.26| 108.99
H9-C4-C2 109.32| 108.03
H10-C4-C2 109.32| 108.03

H10-C4-C2=01 122.30 | 122.07
H9-C4-C2=01 | -122.30-122.07

Figure 8 displays an enlargement of the PO ancpPetisa of Figure 7 in Regidh), where one
can see that both spectra exhibit a long vibratipnagression in the signals associated with m/z 88
(parent) and m/z 43 (GBO" fragment). This progression is more pronouncetienP2 spectrum. For
assignment, we estimated the anharmonic frequeatiés” (Do) at the PBEO/aug-cc-pVDZ level (cf.
Table 4). This ion has 24 vibrational modes: 16ral 8 a". Since both the neutral and the catien ar
planar in their electronic ground states, onlydheibrational levels are populated upon singlet@ho
ionization of Tc, which are the levels of all abrational modes, of all those having even quant' of
modes and to any multiple and combination moddkexfe vibrational states. Moreover, we computed
the Franck-Condon spectrum corresponding to théDdg + € < Tc (X) + hv transition. This spectrum
has a relatively simple shape. This may be relatéle slight structural differences between T&(X
and T¢ (Do). Indeed, Table 5 reveals that the geometriebefication and the neutral species mainly
differ by the C2-C3 distance, which is lengthernearf 1.543 A to 1.784 A upon ionisation. This also
accompanied by more than 5° changes in the in-@agkes involving C2 and C3 atoms.

The simulated Franck-Condon spectrum is superptuséide experimental ones in Figure 8.
Note that it corresponds solely to the direct iahtn process. The simulated spectrum consists of a
long vibrational progression mostly due to the pgafon ofvis" vibrational bands and to the even quanta
of v24" mode. Table 4 shows that both modes involve th€ €keletal in Tc and they are thus strongly
related to the C2—-C3 bond breaking. Besides, tisitipo of the first peak in the simulated spectrum
corresponds to the AIE of Tc, which is determind# A 10.031 + 0.005 eV (Table 2).

The computed vibrational progression starts irSR&S relative to m/z 88 signal and continues
in the m/z 43 one. Therefore, the vibrational lexdIT¢ (Do) located > Akx are predissociated to lead
to HOCO + CHO" products. Moreover, while the energy positionthef measured peaks and those of
the simulated one are close, their relative intassiare quite different, in particular close atde
AEok (those marked by * in Figure 8). Since the Fra@dkdon spectrum corresponds solely to direct
processes, this highlights the contribution of nesa vibrational autoionization processes. Thetatt

process enhances the production of HOCO +@Hpecies.
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Figure9: (top) One-color mass spectra for the multiphotomzation of PA with the fs 266 nm (black)
and 800 nm (red) (bottom). One-photon ionizatiorssngpectra from the synchrotron experiment for
energies of 10.85 eV and 12.40 eV.

Time-resolved relaxation dynamics of PA was ingzged with a 266 nm pump and 800 nm
acting as a multiphoton ionization probe. We folitcuss the one-color mass spectra as reported on
Figure 9. According to the AIE of Tc determined adothe minimal number of photons required to
ionize Tc in the framework of a multiphoton ionipat process is 3 and 7 for 266 nm and 800 nm
respectively. In the first case, the total enengplia@d is about 13.95 eV whereas it is 10.85 ethin
last case. Mulitphotion ionization with 266 nm leadso to the deposition of 1.5 eV more energy than
considered for the synchrotron study presentedebervd opens the way to multiple fragmentations.
The parent peak is negligible compared to the rfraigment that is m/z 43. m/z 44 remains a minor
fragment.

Contrariwise, ionization with 800 nm leads to tliegence of a strong parent signal, although
the m/z 43 is dominating the mass spectrum. Indee@00 nm is unable to ionize the molecule in a
perturbative interaction, we observe here the teduihe non-linear above threshold ionization s
82 Consequently, the energy absorbed by the molégtife process is a multiple of the photon energy:
10.85 eV, 12.40 eV, 13.95 eV... depending whethgreetsvely 7, 8 or 9 photons are absorbed. Also,
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we compare in Figure 9 the mass spectra collecitidtiae one photon ionization process at 10.85 and
12.4 eV (bottom) at the DESIRS beamline with the @sued from multiphoton ionization with 800
nm. No additional fragmentation channels are oleskiw the multiphoton scheme. Relative intensities

show a clear contribution from higher energy iotiathan the first 10.85 eV ionization process.
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Figure 10: (Top) Mass spectrum collected at a pump-probeyd#l8 ps, that is at the temporal overlap
of the two pulses. Mass peaks considered are gighlil in colour. (Bottom) Time-resolved evolution

of the highlighted mass peaks with the correspandoiour. The blue line is the IRF of 117 fs.

For the time-resolved relaxation dynamics, the pahome and probe-alone signal discussed
previously are subtracted from all the set of dathighlight the sole time-dependant signal. Sitnee
AIE is 10.031 eV, the ionization scheme is [24’]. The total energy introduced in the molecul®pr
to ionization is also about 10.85 eV, 12.40 eV953V... for respectively 4, 5 or 6 probe photons tha
lead to the fragmentation of the molecule. The ttapendent mass spectra show the same fragments
as observed in the one-photon experiment and soudte experiments (see Figure 10 (top)). Besides,
one can notice the presence of low masses as 186fa water and oxygen atoms issued from the
dissociation of residual dioxygen. As water doetsatsorb the pump laser, its mass peak is a bemkhma
for the measurement of the Instrumental Responsetien (IRF). The mass peaks are highlighted with
various colours; the same ones being used foriqotheir time dependence on Figure 10 (Bottom).
For negative times, that is the 800 nm pulse iotarg with PA before the 266 nm pulse, some destati
to the water signal is observed. This is probalbly th an intermediate resonance in Tc that iscdilffi

to assign. For positive times, the time evolutibowgs a behaviour that is apparently the same for al
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masses including water, which precludes the obtervaf a time-resolved process in Tc, using 266
nm (= 4.661 eV) as the pump laser. Such findingscansistent with the close to flat shape of the
potential energy surfaces of theghd T, states in the Franck-Condon region accessed fierground
state till reaching the region o§-S;-T1 potential crossings, which lead to the decarbdioiia®! Indeed,

the wavepacket on the; State obtained by 266 nm photon absorption frencdéresponds to the
population to the highly excited vibrational staté#sS i.e. those located in the Franck-Condon gap
between the Sand $ states. It retains the same shape although itsspear a large range of nuclear
configurations since only small potential barriars found along the decarboxylation pathway fram S
Therefore, the subsequent multi photons ionisaeawls to same products whatever the time delay
between the pump and the probe. Let us noticahibaine-photon absorption cross-section of Tc shows
a minimum in the 266-290 nm regidti,making the excitation to the, State difficult. Future time-

resolved experiments will target the & band at 320-370 nm.

V. Conclusion

The present combined theoretical and experimentalystreated the single photon VUV
photoionisation and dissociative photoionisatiorttaf most stable isomer of PA. We found that the
electronic ground state lowest rovibrational lewal¢his isomer are stable, whereas the upper ares
predissociated leading mainly to the formation bé tHOCO radical upon CC bond breaking.
Interestingly, we show that the decarboxylatiothef ground state of Tdés a minor channel in contrast
that it is a dominant process during the photolydi®lectronically excited states of Tc. We also
performed fs-based time-resolved mass spectra2giBhnm excitation and 800 nm multiphoton probe
of this isomer. No appreciable dynamics at shoresicales is observed due to unfavourable population
of the rovibrational levels located in the-& Franck-Condon gap. In summary, our combined
theoretical and experimental approach allowed fpligturing the processes occurring after Tc —
UV/VUV light interactions. In particular, we showeéake couplings between the ion vibrational modes
and the dissociative channels in the vicinity & @G loss ionic fragmentation threshold, as recently

observed in the benzophenone cation fragmentatioardics 84
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